A B S T R A C T Phagocytosis of erythrocytes was studied in vitro in an incubation system consisting of rat peritoneal macrophages and antibody-coated 'Fe-labeled erythrocytes. The system was characterized in terms of the rate and magnitude of erythrophagocytosis, determined by the interiorization of the 'Fe label. On incubation of 150 X 106 macrophages with 75 X 10 antibodycoated erythrocytes, erythrophagocytosis began within a few minutes and was essentially completed after 2 h when 50% of the offered red cells had been ingested by the macrophages. Heme oxygenase (HO) activity, which is very low in native macrophages, increased 4-to 10-fold in response to the ingested erythrocytes; this enzyme stimulation occurred with a delay of 3 h in relation to erythrophagocytosis. Actinomycin D or puromycin prevented the increase of HO activity without affecting erythrophagocytosis, which suggests that the enzyme stimulation was due to substrate-mediated enzyme induction.
INTRODUCTION
Circulating erythrocytes which have reached the end of their physiological life-span are believed to be removed and subsequently degraded in mononuclear phagocytes of the spleen, liver, bone marrow, and other tissues (1) . Erythrocytes which have been damaged by physical, chemical, or immunological means appear to be handled in a similar manner (2) (3) (4) although the relative importance of various tissue sites in the removal of these damaged cells may differ from that of physiologically aged erythrocytes (2, 5) . Red cells extruded into extravascular sites are phagocytized and degraded by mononuclear macrophages which converge at these sites (6, 7) . Details of the mechanisms by which these phagocytic cells capture and sequester erythrocytes are unclear, and particularly the mechanism whereby mononuclear phagocytes of the spleen, liver, and bone marrow recognize senescent erythrocytes and remove them from the circulation remains obscure. Events involved in the into the surrounding extracellular space (11) , and iron, presumably derived from the degraded hemoglobin, accumulates within the phagocytes (12) . In addition, heme oxygenase (HO),' the enzyme system that converts heme to bilirubin IXa (13, 14) , is stimulated by hemoproteins ingested by the macrophages ( 15) .
A more detailed characterization of the mechanism of the degradation of phagocytized erythrocytes and particularly of the conversion of their hemoglobin-heme to bilirubin required the development of a reproducible in vitro system in which the individual steps of the degradative process could be analyzed sequentially. In the present study, antibody-coated 'Fe-labeled rat erythrocytes were offered to a specified number of homologous macrophages maintained in primary culture. The rate of erythrophagocytosis was measured by the interiorization of the 'Fe label and the rate of HO stimulation was determined by serial enzyme assay. By using inhibitors of protein synthesis, steroids, or nutritional manipulations, it was possible to dissociate the two events. The findings obtained with these macrophage cultures permitted evaluation of the quantitative and temporal relationship between the phagocytosis of erythrocytes and the stimulation of the principal enzymatic mechanism involved in the degradation of the ingested hemoglobin-heme.
METHODS Preparation of peritoneal nacrophages.
In all experiments, female Sprague-Dawley rats weighing 175-200 g were used. The animals were fed standard laboratory chow. Peritoneal macrophages were obtained by stimulating the peritoneal cavity with a single intraperitoneal injection of 20 ml of 1.2%o (wt/vol) sodium caseinate suspended in sterile isotonic saline. 3 days later the rats were sacrificed and the peritoneal cavity was lavaged with cold isotonic saline. All peritoneal cell preparations which appeared grossly hemorrhagic or which by phase microscopy contained more than 15%o erythrocytes were discarded. Harvested peritoneal cells from 10-15 rats were pooled and centrifuged in a refrigerated centrifuge (Ivan Sorvall, Inc., Norwalk, Conn.) for 5 min at 100 g. The pellet was suspended in 4 ml cold isotonic saline, contaminating erythrocytes were lysed by brief addition of 12 ml cold distilled water, and isotonicity was restored within 10 s with 4 ml of a 3.5%, saline. The cell preparation was again centrifuged and the supernate containing the dissolved hemoglobin was discarded. This procedure did not affect the viability of the macrophages as determined by trypan blue exclusion. The cells were then suspended in medium 199 (Grand Island Biological Co., Grand Island, N. Y.), and total cell counts were performed in a Neubauer hemacytometer. An average of 8 X 10' peritoneal cells were obtained from each rat.
Differential counts were performed after staining with May-Gruenwald-Giemsa dye. Preparation of erythrocytes and dissolved hemoglobin.
In adult Sprague-Dawley rats, 1.5 ml blood was removed by cardiac puncture and 0.12 mCi 59FeClh (specific activity, 48 mCi/mg Fe) was administered intravenously through a tail vein. 3-20 days later, the rats were bled by cardiac puncture and the erythrocytes were washed three times in phosphatebuffered saline, pH 7.4. The 5'Fe-labeled erythrocytes were counted in a Neubauer hemacytometer and their radioactivity was measured in a Nuclear-Chicago well-type scintillation counter (Nuclear-Chicago Corp., Des Plaines, Ill.). Dissolved 'Fe-labeled hemoglobin was prepared from these erythrocytes by lysis in distilled water, followed by removal of stroma and membranes by centrifugation at 10,000 g. Preliminary experiments ascertained that under these conditions, as well as during incubation, hemoglobin did not crystallize.
Antiserum to rat erythrocytes was prepared in rabbits as follows. After siphoning off the buffy coat and washing the erythrocytes three times with phosphate-buffered saline, pH 7.4, 1 ml of packed rat erythrocytes was injected intraperitoneally into six New Zealand rabbits at biweekly intervals. After 10 wk the rabbits were bled, the sera pooled, and decomplemented by heating for 1 h at 560C. The hemagglutination titer of the antiserum was 1: 4096 as determined by conventional methods (16) . The 'Fe-labeled rat erythrocytes were coated with the antibody by incubating 3 X 109 cells with 0.12 ml of the antiserum for 30 min at room temperature. Preliminary experiments had indicated that this amount of antiserum was optimal for producing a maximal degree of erythrophagocytosis without causing erythrocyte agglutination. The antibody-coated erythrocytes were washed twice with buffered saline.
Incubation of mnacrophages with erythrocytes or dissolved hemoglobin. Unless stated otherwise, standard incubations consisted of 150 X 106 macrophages and 75 X 10 antibodycoated 'Fe-labeled erythrocytes or 10.5 mg dissolved '9Fe-labeled hemoglobin (which is equivalent to the hemoglobin in approximately 600 X 10' rat erythrocytes). The cells were incubated in 50-ml Erlenmeyer flasks (Nalgene) containing 15 ml medium 199 and 0.125 mg penicillin/ml. Incubation usually lasted 5 h at 37°C with the rotating water bath set at 70 cycles/min. The flasks were gassed with air containing 5% C02 and covered with Parafilm. Under these conditions, the pH of the medium was maintained at 7.3-7.45 for the duration of the incubation which was terminated by immersing the flasks in ice water. Hemolysis during the 5 h of incubation never exceeded 2%o of the incubated erythrocytes.
In some instances, glucose, fructose, or maltose (5 mg/ ml, final concentration) was added to the incubation system in addition to the medium 199 which contained 1 mg glucose/ml. In other instances, 0. Quantitation of endocytosis of erythrocytes or hemoglobin. At the end of the incubation period the macrophages, most of which adhered to the bottom of the incubation flask, were carefully detached with a fine brush and centrifuged in the incubation medium at 3,000 g for 6 min. Erythrocytes that had not been phagocytized were lysed by brief exposure to hypotonicity followed after 20-30 s by restoration of isotonicity with 3.5% saline. Macrophages which had been incubated with dissolved hemoglobin instead of antibody-coated erythrocytes were treated in the same manner.
After centrifugation the macrophage pellet was suspended in 2 ml cold 0.1 M K-phosphate buffer, pH 7.4, and the 59Fe activity retained in the cells was determined in a well-type scintillation counter. All samples were counted at least 5 min which assured a standard error of the mean of less than 2%.
Assay of heme oxygenase (HO) activity. After (13, 14) . The standard assay was modified by reducing all constituents proportionally to a final volume of 0.5 ml per cuvette, containing 0.7-1.3 mg protein/ml.
Analytical procedures. The conversion of [1-"C]glucose to "CO2 by phagocytizing macrophages was determined as follows. 2 gCi [1-"C]glucose (Tracerlab Div., LFE Electronics, Boston, Mass., specific activity 3.0 mCi/nmol) was added to the standard incubations containing the macrophages and antibody-coated erythrocytes. The flasks were gassed with air containing 5%, CO2 and closed with sleevetype rubber stoppers equipped with a center well. At the end of the incubation, 0.4 ml 8 N H2SO4 was injected into the medium through the rubber stopper and the center well was filled with 0.3 ml hyamine hydroxide. After further incubation for 45 min, the center well was removed and the "CO2 trapped in the hyamine hydroxide was counted in a Packard liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.) (17) .
Glucose concentration in the incubation medium was determined by the glucose oxidase method (18) . The protein concentration of the 20,000 g supernate of the homogenized macrophages was measured by the method of Lowry, Rosebrough, Farr, and Randall (19) . Hemoglobin content of erythrocytes was estimated by the cyanmethemoglobin method (20) and the hemoglobin in the 20,000 g supernate by the method of Crosby and Furth (21) .
Expression of results. In all instances, at least five individual experiments were carried out under identical conditions with macrophage pools from 10 to 15 rats. Duplicate analyses of individual experiments were possible only in a few instances because of the limited amount of macrophages available, and because of the time required for the analytical procedures, all of which were performed immediately after completion of the incubation. The results are presented either as the mean and range of all individual experiments or as individual data from a representative set of experiments.
Endocytosis of antibody-coated erythrocytes or dissolved hemoglobin by the incubated macrophages was calculated from their intracellular 6Fe activity and expressed as a percentage of the total 'Fe activity of the erythrocytes or hemoglobin that had been offered to the macrophages. The percentage value obtained was converted to absolute numbers of erythrocytes ingested by the macrophages. Glucose oxidation in macrophages was measured by comparing the radioactivity of the "CO2 trapped in the hyamine hydroxide erythrophagocytosis began within the first few minutes of incubation and reached a maximum within the first 2 h (Fig. 1) carbon particles that had been added to the incubation mixture.
With erythrocyte doses ranging from 15 to 75 X 10f cells, stimulation of HO in the macrophages was strictly proportional to the absolute number of red cells that had been phagocytized (Fig. 2) . When the number of offered erythrocytes exceeded 75 X 106 cells, no further stimulation of HO was achieved. In fact, under standard conditions of incubation, larger doses of erythrocytes resulted in a progressive reduction of HO stimulation (Fig.  3 ). This paradoxic relationship could be reversed almost completely by supplementing the incubation medium with 5 mg glucose and 0.02 U insulin/ml (Fig. 3) . Addition of glucose and/or insulin did not augment the enzyme response with the lower erythrocyte doses (Fig. 3 actinomycin D or 2 isg puromycin/ml of the incubation mixture failed to exert a detectable effect on the rate or extent of erythrophagocytosis or on the viability of the incubated macrophages. Either compounds, when added in the indicated concentration at the beginning of the incubation period completely suppressed the stimulation of HO by the phagocytized erythrocytes (Fig. 4) . When actinomycin D was added to the medium at various time intervals after the start of the incubation, its suppressive effect on the stimulation of HO was progressively reduced, and by delaying the addition for 3 h or longer, the effect of the inhibitor on the enzyme stimulation was completely lost (Fig. 4) . Puromycin was found to have a more protracted effect, in that addition of this compound 4 h after the beginning of the incubation still resulted in submaximal stimulation of HO in the macrophages (Fig. 4) . concentrations of up to 0.1 mg/ml in the medium produced little interference with erythrophagocytosis in the standard incubation system (Fig. 5) . Larger concentrations of the steroid, on the other hand, progressively depressed erythrophagocytosis, with 0.18 mg/ml leading to almost 50% reduction in the phagocytosis of erythrocytes. Comparable HC concentrations had been shown previously to impair phagocytosis of aggregated albumin particles and bacteria (22) . By contrast, when 10.5 mg hemoglobin was dissolved in the medium, HC in the concentrations tested did not affect the pinocytic activity (Fig. 6) .
Stimulation of HO by the interiorized erythrocytes or hemoglobin was significantly suppressed by HC, even with steroid concentrations that did not interfere with erythrophagocytosis or with pinocytosis of dissolved hemoglobin (Figs. 5 and 6 ). With HC concentrations ranging from 0.01 to 0.1 mg/ml, the suppressive effect of the steroid on the HO stimulation was dose-related, with the upper value resulting in complete abolition of the enzyme stimulation without significantly affecting erythrophagocytosis (Fig. 5) . Because of this dissociation of erythrophagocytosis from HO stimulation by 0.1 mg HC/ml, this experimental condition was chosen for all subsequent studies.
When HC was added to the macrophages phagocytizing erythrocytes at various time intervals after the start of the incubation (Fig. 7) , the suppressive effect of the steroid on the stimulation of HO was clearly time-related in a manner similar to the effect of puromycin (Fig. 4) (Fig. 7) . Delayed addition of HC gave rise to progressively less suppression, until after 4 h the steroid had lost nearly all of its suppressive effect (Fig. 7) . Reversal of HC effect on stimulation of HO. The suppressive effect of HC on the stimulation of HO in macrophages phagocytizing erythrocytes was partially reversed by supplementing the incubation medium with glucose, fructose (5 mg/ml), or insulin (0.02 U/ml) (Fig. 8) . Addition of the maltose was without effect.
The combination of 5 mg/ml glucose with 0.02 U/ml insulin completely restored the stimulation of HO and thus effectively counteracted the suppressing effect of 0.1 mg/ml HC. On the other hand, combination of insulin with fructose or maltose failed to yield an additive effect (Fig. 8) .
The beneficial effect of glucose and insulin was even observed when their addition to the culture medium, containing HC from the start, was delayed for several hours after the beginning of the incubation. Glucose and insulin completely reversed the steroid-mediated suppression of HO stimulation when added 3 h after the start of the incubation. With later addition, their reversing effect was progressively reduced (Fig. 9) .
Removal of glucose from the incubation medium. In order to estimate the amount of glucose metabolized by the macrophages in 5 h of incubation, glucose removal from the incubation medium was measured under the following conditions of incubation: macrophages alone; macrophages with the standard amount of antibodycoated erythrocytes with or without additional glucose and insulin, or HC, or both. As shown in Fig. 10 , glucose removal was not appreciably enhanced by erythrophagocytosis, but was increased approximately one-third by addition of glucose and insulin. HC in a concentra- Standard incubations contained 0.1 mg/ml HC. Glucose (5 mg/ml) and insulin (0.02 U/ml) were added at various time intervals after the start of the incubation. Results are expressed as percent reversal of the inhibition produced by HC in the absence of added glucose and insulin. tion of 0.1 mg/ml greatly reduced glucose removal but this steroid-mediated repression was partly reversed by addition of glucose and insulin (Fig. 10) . ture (Fig. 11) . During the first 3 h of incubation, macrophages phagocytizing erythrocytes in the presence of HC produced substantially less '4CO2 than when the steroid was absent. Glucose and insulin added to the incubation reversed this steroid effect. After 5 h of incubation, the results obtained were essentially similar, except that glucose and insulin were moderately less effective in reversing the suppressive effect of HC. DISCUSSION There is extensive morphologic (23, 24) and experimental (10, 25) evidence that macrophages and other mononuclear phagocytes possess the capacity to engulf intact or fragmented erythrocytes and to digest them. Erythrophagocytosis by these cells appears to be an important, and perhaps the primary mechanism by which physiologically aged or damaged red blood cells are removed from the circulation (1, (26) (27) (28) . This process can be reproduced in vitro, in that in a variety of culture systems isolated macrophages may be observed ingesting and degrading offered erythrocytes that previously had been injured by chemical or physical means (10, 29) . Antibody-coated red cells are also ingested and degraded at 370C, presumably as the result of binding of the Fc fragment of the IgG to the monocytemacrophage receptor for IgG (30) . In the present study, this technique has been refined and controlled in such a way that a standard number of peritoneal macrophages in primary culture reproducibly phagocytized a predic- Although under standard conditions, the macrophages were incubated with erythrocytes for a total period of 5 h, it was apparent that the rate of erythrophagocytosis was most rapid during the 1st h, progressively slowed during the 2nd h, and approached zero after the 3rd h of incubation (Fig. 1) . This decline in the rate of erythrophagocytosis occurred despite the availability of ample unagglutinated erythrocytes in the culture medium. It is unlikely that this phenomenon reflected potential "saturation" of the macrophages with red blood cells, as an increase in the number of offered erythrocytes resulted in an absolute and proportional rise of the number of cells that were ingested by the macrophages (Fig. 2) . Furthermore, the cultured macrophages appeared to remain fully viable throughout the entire period of incubation, as shown by their continued adherence to the surface of the incubation flask, their active glucose assimilation and C02 production, their trypan blue exclusion, and their ability to respond to stimulation with formation of new enzyme protein. Although the exact cause of this timedependent progressive reduction in erythrophagocytosis remains undetermined, possible explanations include quantitative differences in the degree of antibody coating of individual erythrocytes, which may be related to cell age (31, 32) , or progressive elution of antibody from erythrocytes during the course of the incubation. Depletion of factors essential for phagocytosis in the incubation medium or in the macrophages seems unlikely, as addition of a second fresh dose of antibody-coated erythrocytes to the macrophage culture 2 h after the start of the incubation reactivated erythrophagocytosis.
It also was noted with this culture system that only 45-55% of the incubated macrophages actually participated in the ingestion of erythrocytes, whereas carbon particles were interiorized by virtually all macrophages. Even when the number of offered erythrocytes greatly exceeded that of macrophages, microscopic inspection revealed a relatively constant proportion of macrophages that were devoid of ingested erythrocytes, whereas others contained several red cells. Otherwise, no morphologic differences could be detected between macrophages that had, or had not, phagocytized erythrocytes. Whereas no plausible explanation can be offered for this functional difference among the incubated macrophages, the findings are reminiscent of similar observations with the sinusoidal cell population of rat liver (33) . These phagocytes also appear to be heterogeneous in composition in that they include a subpopulation of cells recognizable by histochemical and enzymatic methods, which is involved specifically in erythrophagocytosis. It is possible that macrophages harvested after chemical irritation of the peritoneal cavity are similarly heterogeneous and that only a fraction of these cells is equipped for phagocytosis of antibody-coated erythrocytes. It also should be noted that since in the present experiments, macrophages were not preincubated with serum-containing medium (10, 25) , the cultures may have contained cells of different maturity. The precise mechanisms involved in the disruption and subsequent degradation of the ingested erythrocytes are incompletely understood. Morphological and biochemical (10) evidence suggests that the interiorized red cells are attacked by lysosomal enzymes which are released into the phagocytic vesicles after they have fused with the lysosomes (34) . This process is presumed to be analogous to the sequential degradation of phagocytized bacteria (35) . The identification of a variety of proteolytic enzymes in lysosomes facilitated a more detailed investigation of this degradative mechanism. Axline and Cohn (10) recently reported that peritoneal macrophages incubated for 24 h after ingestion of formaldehyde-treated erythrocytes exhibited a net increase in lysosomal enzyme activity. This increase in proteolytic enzymes was presumed to reflect enzyme induction mediated by the membrane proteins and the globin moiety of the phagocytized erythrocytes. The fate of the heme moiety of the ingested erythrocyte-hemoglobin was not determined, but previous observations suggested that it is converted to bile pigment (36) . The mechanism of this conversion was obscure until the recent demonstration by Pimstone, Tenhunen, Seitz, Marver, and Schmid (15) , that macrophages possess HO, which is the enzyme system catalyzing the conversion of ferroprotoporphyrin (heme) to bilirubin IXa (13, 14) . Although HO activity is very low in native peritoneal macrophages, presumably because they normally lack contact with heme compounds, a striking stimulation of enzyme activity was observed after macrophages had been exposed to methemalbumin or hemoglobin in the peritoneal cavity (15) .
In the present study, the low HO activity of native peritoneal macrophages or of macrophages incubated without red cells has been confirmed. In contrast, when the macrophages were offered antibody-coated erythrocytes in the culture, their HO activity regularly rose in proportion to the absolute number of red cells ingested, at least with the lower red cell doses (Fig. 2) . There was a time lag of about 3 h between erythrophagocytosis and stimulation of HO (Fig. 1) , which is strikingly similar to the time interval that is required in vivo for the conversion of the hemoglobin of sequestered erythrocytes to bilirubin in intact rats (36) . The stimulation of HO in the cultured macrophages was paralleled by morphologic evidence that after 4-5 h of incubation, the ingested erythrocytes became visibly pale and had obviously undergone disintegration. It is noteworthy that the response of microsomal HO to the ingestion of erythrocytes was much more rapid and more pronounced than that reported for lysosomal enzymes (10) (Fig. 6) , whereas with these high steroid concentrations phagocytosis of intact erythrocytes was significantly reduced (Fig. 5) . The preference of macrophages for the ingestion of intact red cells, as contrasted to dissolved hemoglobin, is analogous to recent observations in the liver where erythrocytes are phagocytized exclusively by a subpopulation of sinusoidal cells, whereas dissolved hemoglobin is taken up mainly by hepatic parenchymal cells (37) .
The stimulation of HO appeared to depend on new protein synthesis, as actinomycin D and puromycin strikingly inhibited the increase in enzyme activity without reducing the rate or magnitude of erythrophagocytosis (Fig. 4) . These findings and previous observations of a similar nature in rat kidney (38) strongly suggest that HO is induced by its substrate, heme. Moreover, when these two inhibitors of protein synthesis vere added to the macrophage cultures at various time intervals after the beginning of the incubation, a distinct difference in the effect patterns was discernable (Fig. 4) . The suppressive effect of actinomycin D on enzyme stimulation was more limited in time as compared with the more protracted action of puromycin, consistent with the concept that stimulation of HO by the ingested erythrocyte-hemoglobitn requires formation of additional messenger RNA.
Induction of HO in macrophages after erythrophagocytosis also appeared to be critically dependent on an adequate supply of exogenous glucose. This became evident when large doses of antibody-coated erythrocytes were offered to the standard number of 150 X 106 macrophages. Whereas with relatively small red cell doses in the range of 15-75 X 106 cells, enzyme induction was proportional to the absolute number of ingested erythrocytes (Fig. 2) , with larger doses no further rise in HO activity was observed despite the increase in the number of phagocytized cells (Fig. 3) . As seen in Fig. 2 , with the standard incubation medium containing 1 mg glucose/ml, the response of HO to erythrocyte doses exceeding 75 X 106 cells was suboptimal. This apparent paradox was explained when it was found that addition of glucose and insulin to the incubation mixture repaired this defective enzyme response (Fig. 3) . Supplementation of the incubation medium with either glucose or insulin alone restored the enzyme induction only partially, which may suggest that under the "stress" of large loads of ingested erythrocytes, insulin-dependent glucose metabolism may become essential for optimal macrophage function.
Further support for the essential role of glucose metabolism in the substrate-mediated induction of HO in macrophages was obtained in experiments with HC. Munck and Young (39, 40) presented convincing evidence that HC markedly interferes with glucose transport and utilization in thymus cell cultures. In cultured lymphocytes the steroid reportedly depresses protein synthesis (41, 42) , but this may be only a secondary effect resulting from impaired glucose metabolism. Because of these observations, HC in various doses was added to standard incubations of 150 X 106 macrophages and 75 X 106 antibody-coated erythrocytes. In the concentration range from 0.01 to 0.1 mg HC/ml medium, the steroid produced a progressive, dose-related repression of HO induction (Fig. 5) . With a HC concentration of 0.1 mg/ml, enzyme induction was completely suppressed while erythrophagocytosis was not significantly impaired. When addition of the steroid was delayed after the start of the incubation (Fig. 7) , the response pattern of HO induction was similar to that observed with puromycin, which may suggest that HC ultimately affects enzyme protein synthesis at the translational level.
The suppressive effect of HC on HO induction was readily reversible by supplementing the incubation medium with additional glucose and insulin (Fig. 8) . The suboptimal response of the enzyme activity to either glucose or insulin alone suggests a synergistic action of the two. This is reminiscent of the additive effect of glucose and insulin on macrophages which had been offered very large doses of erythrocytes without the addition of steroid (Fig. 3) . The importance of glucose for HO induction was further emphasized when addition of glucose and insulin to the HC-containing cultures was delayed for several hours. The finding that glucose and insulin added 3 h after the start of the incubation completely reversed the inhibitory effect of HC (Fig. 9) is consistent with the concept that the exogenous glucose is required for the synthesis of new enzyme protein. Moreover, when glucose was replaced by the monosaccharide fructose, whose metabolism is insulin-independent (43), the induction of HO was only partially repaired regardless of the presence or absence of insulin (Fig. 8) . The disaccharide maltose, although it may be metabolized in macrophages (44) , was without beneficial effect. Maltose combined with insulin yielded a degree of enzyme stimulation comparable with that of insulin alone. Finally, HC reduced glucose removal from the medium by the phagocytizing macrophages ( Fig. 10 ) and lowered production of C02 from glucose via the hexose monophosphate shunt (Fig. 11) ; both effects were partially or completely reversed by insulin and additional glucose.
These findings clearly indicate that in macrophages the induction of HO by the hemoglobin of ingested erythrocytes is dependent on adequate glucose transport or metabolism, and that HC interferes with this process. This may be analogous to the reported observation that in thymus cell cultures, the steroid impairs the formation of glucose-6-phosphate (39) . The information presently available is insufficient to determine whether this steroid effect consists of partial inhibition of glucose transport into the cell or reflects interference with early steps of intracellular glucose metabolism. Likewise, it is unknown how this impairment of carbohydrate metabolism expresses itself in reduced enzyme synthesis. It is noteworthy, however, that under these selected experimental conditions, complete dissociation of erythrophagocytosis from HO induction was achieved with HC concentrations of the order of magnitude of those obtained in the plasma under pharmacological conditions. Moreover, it was evident on microscopic inspection that with these steroid concentrations, not only was erythrophagocytosis unaffected but, despite the lack of a HO response, digestion of ingested erythrocytes appeared to proceed without noticeable impairment. This apparent disparity permits, three alternative interpretations, namely (a) that HO activity is not critical for the conversion of the ingested hemoglobin-heme to bilirubin IXa; (b) that the heme of the degraded hemoglobin simply accumulates in the macrophages without being catabolized; or (c) that in the absence of increased HO activity, hemoglobinheme is degraded by alternate catabolic pathways leading to metabolites that differ from bilirubin. The first interpretation appears unlikely, as the HO system is the only mechanism known to produce exclusively bilirubin IXa, which is the bile pigment isomer formed in vivo (14) . Moreover, in a variety of tissues, HO activity was shown to be stimulated in response to an increased supply of heme, derived from endogenous sources or administered parenterally (45) . The second possibility, while perhaps unlikely on theoretical grounds, cannot be excluded with the presently available experimental means. The third explanation postulating operation of alternate pathways for heme degradation appears the most plausible, since the existence of such degradative pathways which do not lead to formation of bilirubin has already been demonstrated (46, 47) . Although the sequence of the chemical reactions and the nature of the intermediates involved are as yet unknown, it has previously been reported that on incubation of heme with homogenates of stimulated macrophages, heme disappearance substantially exceeds the rate of bilirubin formation (15) .
If this last interpretation should prove to be correct, it may provide a possible explanation for the beneficial effect of steroid treatment in patients with jaundice due to parenchymal or obstructive liver disease. In these patients, steroids tend to produce a well documented (48, 49) , but unexplained (50) , reduction in the serum bilirubin level. If the present findings are applicable to erythrophagocytic cells in general, it is possible that steroids may reduce the amount of bilirubin formed from sequestered erythrocytes without impairing the physiological removal mechanism of senescent red cells from the circulation. In order to prove this concept, it would be necessary to characterize the alternate pathways of heme degradation and to demonstrate experimentally that they become functional under steroid therapy. Furthermore, since the present findings suggest that glucose metabolism becomes insulin-dependent in macrophages degrading a large load of erythrocytes, it would be of interest to determine whether insulin deficiency states or hypercortisonism nmay be associated with defective macrolhage function.
